. Coherence, species turnover, and boundary clumping: elements of meta-community structure. -Oikos 97: 237-250.
Different species tend to inhabit different places, and different places tend to be inhabited by different species. The basic empirical description of these patterns can be summarized by an incidence matrix, which documents which sites are occupied by which species. For a long time, ecologists have debated about the major features of such resulting patterns of distribution by invoking several simplifying idealizations about the structure of the incidence matrix. To date, they have identified at least six such idealized pattern in the distribution of species among sites (Table 1) , including a) nested subsets, b) checkerboards, c) Clementsian gradients, d) Gleasonian gradients, e) evenly spaced gradients and a sixth, less precise, null pattern, f) ''random''. In past work, many of the discussions about these patterns boil down to the question of which provides a better fit to real distributions: a given idealized pattern or some ''random'' alternative. For example, Whittaker (1975) tried to resolve the now well-known dispute between Clements (1916) and Gleason (1926) by pitting the idea of ''discrete communities'' against that of a ''continuum''. The continuum is a random alternative, in that each species is distributed independently of other species -in other words, at random with respect to those other species. It is however a limited form of randomness about the position of range boundaries and not about random distribution of occurrences among sites. More recently, ecologists (e.g., Connor and Simberloff 1979, Diamond and ) disagreed about whether island-biogeo- Table 1 . Six hypothetical patterns of species' distribution among sites. Patterns represent idealized characteristics hypothesized to result from at least one (and generally more than one) potentially important ecological or biogeographical process. References indicate early descriptions of these patterns. Coherence, Turnover and Boundaries refer to three aspects of the incidence matrix that would characterize each pattern (see text). Simberloff 1983 Not significantly different There are no gradients or Not significantly different Random than expected than expected than expected other patterns in species distributions among sites Fig. 1 . Coherence as indicated by the occurrence of embedded absences in ordinated matrices. Entries denote the presence (1) or absence (0) of species (rows) at sites (columns). Statistics for each matrix are described in the text. graphic data looks more like a ''checkerboard'' arising because certain species always competitively exclude each other, or a less regular arrangement owing to the random dispersion of species among sites. Finally, Patterson and Atmar (1986) contrasted the pattern of ''nested subsets'', where (among other possible mechanisms) species-specific extinction probabilities consistently drive patterns of faunal collapse, with similar random models that assume that all species have identical extinction probabilities.
These inquiries involve various aspects of ''metacommunity structure''. For our purposes, a meta-community is a set of ecological communities at different sites (potentially but not necessarily linked by dispersal), whereas a community is a group of species at a given site. The most basic description of a meta-community consists of a site-by-species incidence (i.e. presence/absence) matrix. The main premise of this paper is that methods for analyzing such matrices should go beyond a simple dichotomy between ''randomness'' and some particular type of pattern. They should also enable one to discriminate among various non-random possibilities (see also Simberloff and Martin 1991) .
We propose a set of methods for judging whether a given matrix fits any of the idealized patterns mentioned above, and/or certain other alternatives not captured by these idealizations. In order to accomplish this goal, we divide the analysis into three phases, each devoted to a different aspect of meta-community structure: coherence, species turnover, and boundary clumping. The various idealized patterns of species distributions are associated with different aspects of this structure (Table 1 ). This table also suggests that there are possible distinctions among idealized patterns of distribution that have not yet been discussed (e.g. clumped vs evenly spaced nested patterns) but perhaps this is because these distinctions do not have important biological implications.
Terminology and concepts
A completely coherent species range is an array of sites, all of which contain the species. In other words, it is a sequence of the species' ''presences'' (depicted by 1's in Figs 1 -6) that is not interrupted by any of the species' ''absences'' (denoted by 0's in Figs 1-6; see Alroy 1992) . The more interruptions, the less coherent the range. Obviously, any set of sites can be re-ordered so that the range of any single species is completely coherent. The question is whether the sites can be ordered so that all of the ranges are completely coherent. Fig. 1a depicts a meta-community with completely coherent ranges. In contrast, no matter how the sites are ordered, some of the ranges shown in Fig. 1b are less than completely coherent. (All of the matrices presented in this paper have been rearranged or ''ordinated'' using reciprocal averaging; we discuss other possibilities below.)
We address coherence first because we believe that turnover and clumping are most meaningful in the context of reasonably coherent ranges. ''Species turnover'' reflects the tendency for species to replace each other from site to site. For example, Species 1 occurs on Site 1 shown in Fig. 1a , but does not occur on Site 7. Species 2, on the other hand, does not occur on Site 1, but does occur on Site 7. Species 1 and 2, then, ''replace'' each other between Sites 1 and 7. The only way for two species to have different, completely coherent ranges without any such replacement, or turnover, is for one of the ranges to be ''nested'' within the other. For example, Fig. 1a shows that the range of Species 4 is nested within that of Species 3. In other words, Species 3 occurs on all of the sites on which Species 4 occurs (Sites 4 through 9) and more (Sites 2 and 3).
''Nestedness'' and turnover are thus opposing patterns. Fig. 2a represents a case of perfect nestedness, i.e., no turnover. One scenario that would produce this OIKOS 97:2 (2002) idealized pattern is one in which: 1) fragments of formerly continuous habitat each start with the same set of species, 2) no subsequent immigrations occur, 3) extinctions occur in the same order on each fragment, but 4) species go extinct faster on smaller fragments than on larger ones.
Restrictive though these conditions may seem, many groups of species found in habitat fragments appear to approximate them fairly well (Patterson and Atmar 1986, Wright et al. 1998 and references cited therein) even though some might argue that other scenarios may also be involved Martin 1991, Cook and Quinn 1995, Atmar pers. comm.) . Fig. 2c , on the other hand, shows a pattern of high turnover. Most pairs of species represented there replace each other between at least some sites. Clements (1916) , Gleason (1926), and Tilman (1982) each proposed different ways in which species might replace each other across sites along an environmental gradient. The notion of boundary clumping, which we introduce next, is one way to distinguish between these three.
''Boundary clumping'' is the degree to which the boundaries of different species' ranges are clustered together. Fig. 3a depicts a case in which there is very little clumping. Some models of species interactions (e.g., Tilman 1982) predict such a pattern when the outcome of competition among a set of competing species along an environmental gradient depends on a set of trade-offs in their relative abilities to exploit alternative resources. According to the simplest version of such model, competing species replace each other in pair-wise fashion along an environmental gradient. At any given point along the gradient, environmental factors that enable certain species to invade a community lead indirectly to the competitive exclusion of other species. The result, in the very simplest cases, can be a very regular pattern of species replacement with much less variation in local diversity than one might expect by chance. Fig. 3c , on the other hand, corresponds to a popular interpretation of Clements' (1916) views. According to this interpretation, mature plant assemblages are discrete communities that share few species with communities of other kinds. Gleason (1926) , proposed, rather, that species are distributed along environmental gradients ''individualistically'' -that is, independently of other species. Fig. 3b fits this middle position between the above two cases.
Turnover and clumping are logically independent, in the sense that all nine combinations of low, moderate, or high turnover with over-dispersed, randomly distributed, or clumped range boundaries are mathematically possible. We verified this logical independence by constructing matrices for all nine possibilities, and analyzing them according the methods presented below.
Below, we present statistical tests of coherence, species turnover, and boundary clumping. (A software program based in Excel to conduct these tests is available from the authors.) These methods allow one to judge which of the idealized patterns discussed above most closely fits a given set of data. Each method involves a different metric, and a different null model against which to test the statistical significance of that metric. All of the methods rely on ordination: putting sites and species in order, based on their species compositions and distributions across sites, respectively. Therefore, we will begin by advancing our reasons for considering coherence, species turnover, and boundary clumping within the common framework of ordination. We will then describe the methods we have developed. Finally, we will apply these methods to distributional data culled from the published literature in order to illustrate how they work. (1) or absence (0) of species (rows) at sites (columns). Statistics for each matrix are described in the text.
Ordination: a unified perspective on a variety of patterns
Identification of pattern in the site-by-species matrix can depend a lot on how we arrange the rows and columns of the matrix. In studies of nestedness for example, most researchers order sites (rows) by their species richness and species (columns) by their incidences (number of sites at which they occur). Different patterns however might appear if the sites are arranged by some environmental variable, such as island area if the sites represent different islands (Simberloff and Martin 1991) . Similarly, sites could be ordered by their position in space (along a transect for example) or in relation to some important environmental variable (e.g. altitude) with different results.
In this paper we advocate an approach based on ordering the rows and columns of the matrix so that sites with the most similar species lists are close together and species with the most similar distributions are close together. One reason to do this is that many data sets are only based on the incidence matrix and do not provide data on environmental variables that might provide alternatives. In addition, even if such data is available, it is not always clear that the particular environmental variables measured are necessarily the most relevant; for example is actual location along a transect more important than an environmental variable such as altitude? The answer would depend on a priori assumptions about the regulation of these communities. We also advocate ordering rows and columns on this basis over the approach used in nestedness studies (ranking sites by species richness and species by incidence), because we have found that this approach can sometimes provide misleading evaluations of nestedness (see below).
Various methods have been proposed for rearranging a presence-absence matrix so that sites with the most similar species compositions and species with the most similar distributions are depicted as adjacent to each other in the matrix (see for example Orloci 1978 , GreigSmith 1983 , Pielou 1984 . We employ one of these methods -reciprocal averaging, also known as correspondence analysis -because of its simplicity and widespread use. Selecting appropriate methods for ordination depends on the nature of the data and the specific nature of the hypotheses to be tested. Generally speaking, reciprocal averaging is thought to be the best simple method when the emphasis is on ordering species and sites along a single axis of variation. This is especially true when dealing with presence/absence data as we do here and when considering potential gradients with significant turnover (Pielou 1984, Ludwig and Reynolds 1988) . Further, because we focus only on the first ordination axis, other ordination methods will give either the same results (e.g. detrended correspondence analysis), or often give very similar results (e.g. principal components). In cases where these other techniques give different results there are often reasons (e.g. large amounts of turnover among sites) to think that reciprocal averaging is better.
Ordination serves three purposes in our analysis. First, relative to a random ordering of sites, ordination by reciprocal averaging greatly reduces, and indeed often minimizes, the number of interruptions in species' ranges. This reduced number can then serve as an objective criterion of coherence, as opposed one that depends upon a more arbitrary ordering of sites (by richness, location or in relation to any arbitrary environmental variable for example).
Second, ordination provides a basis for judging whether a given meta-community is strongly nested, or dominated, instead, by species turnover (or neither). To begin with, ordination provides strong visual clues. For example, it concentrates all of the 1's in the matrix of a perfectly nested meta-community, such as Fig. 2a , into one corner, and all of the 0's in the other. In contrast, ordinating a meta-community with high species turnover concentrates most or all of the 1's in the corresponding matrix along the main diagonal, with large numbers of 0's in both corners (Fig. 2c) . Below, we will propose a more exact procedure for judging the relative importance of nestedness vs turnover in a given meta-community. For the moment, we simply note one additional, informal criterion. If a meta-community is highly nested, reciprocal averaging puts the sites and species in exactly the same order as sorting them by the ''marginal totals'', that is, by the ''richnesses'' (numbers of species per site) and ''incidences'' (numbers of sites per species), respectively. For an ''anti-nested'' metacommunity with high turnover, on the other hand, sorting by marginal totals generally results in a much different order of sites and/or species than ordinating by reciprocal averaging.
Finally, ordination defines the boundaries of species' ranges in relation to the primary axis of compositional variation, and thus provides a basis for judging whether these boundaries are clumped, over-dispersed, or neither (the third aspect of meta-community structure defined above). While such clumping can be tested with respect to actual location (along a transect) or an environmental variable, here we focus on clumping only with respect to distributional patterns as revealed by the site-by-species matrix. That is we do not identify which external variables might be responsible for the pattern but let the species distributions themselves indicate whether there is clumping or not.
Finally, we should note one limitation of reciprocal averaging: it does not always quite minimize the number of interruptions in species' ranges. Rather, reciprocal averaging effects a compromise between minimizing the number of range interruptions, and minimizing the number of gaps in the community compositions of sites. In other words, a balance is reached between minimizing the number of interruptions within the rows of the corresponding matrix, and minimizing the number of interruptions within columns. Thus, although there may be some motivation for evaluating range and community coherence separately, here we lump them together in a single analysis.
Coherence: do we have a strong dominant axis of variation?
We evaluate coherence by simply counting the number of ''embedded absences'' in a given ordinated metacommunity. An embedded absence is an interruption in a range or community. Fig. 1a indicates 0 embedded absences. Thus, the meta-community that it represents is perfectly coherent . Fig. 1b, on 2, 4) , for instance, is embedded within the range of Species 2, and the absence in Cell (3, 7) is embedded within both the range of Species 3 and the community of Site 7. We count each absence that is doubly embedded (that is, embedded within both a range and a community, such as Cell (3, 7) ) only once.
In order to test the significance of the number of embedded absences, we employ two null models. In the first null model (called Random 0) we rearrange the 1's and 0's in a matrix at random (subject only to the constraint that the null matrix has the same numbers of 1s and 0's and that no row or column have only zeros, see Johnson 1974) . We then re-ordinate the null matrix and recalculate the number of embedded absences. It is thought by many that this null model is overly liberal, leading to frequent Type I errors (rejecting the null hypothesis when it is true), the so called ''Jack Horner effect'' (see Simberloff 1978 , Wilson 1995 . We therefore also use a second null model that rearranges the 1's and 0's at random subject to maintaining the row and column sums the same as the original data matrix (similar to the null model of Connor and Simberloff 1979 but without additional incidence constraints, our algorithm for generating this model is given in Mikkelson 1997). We then also re-ordinate the null matrix and recalculate the number of embedded absences. It is thought by many that this null model is overly conservative, leading to frequent Type II errors (accepting the null hypothesis when it is false), the so called ''Narcissus effect'' (Colwell and Winkler 1984) . A number of other null models could also have been used (see Gotelli and Graves 1996 for a review and Jonsson 2001 for a discussion in relation to nested subsets) but these two models typify reasonably well the spectrum of models that range from conservative to liberal. The joint evaluation of the pattern relative to both of these null models thus allows us to bracket assumptions involved in either concluding that a given data set is or is not coherent.
According to Random 0, Fig. 1a indicates significantly fewer embedded absences than expected on the basis of 200 iterations of the null model. In contrast, Fig. 1b shows neither significantly fewer nor significantly more embedded absences than expected. We conclude that the ranges/communities shown in Fig. 1a are significantly coherent, while those depicted in Fig.  1b are not.
We recommend exploring the two remaining aspects of meta-community structure, species turnover and boundary clumping, only if the ranges and communities depicted in a given matrix are significantly coherent by this criterion. As illustrated in Table 1 , if ranges and communities are not coherent, the very meaning of Table 2 ). Although we have not attempted a systematic review, it is our sense that most of the meta-communities investigated by ecologists have significant amounts of ''one-dimensional'' nonrandom structure, that is, structure that can be perceived across some single ordering of sites and/or species. It would be interesting to investigate situations in which there is very low coherence but we have not found any such data sets in our admittedly superficial survey.
Species turnover: if we have a strong axis of variation do we have turnover or nesting?
We evaluate the amount of species turnover by counting, not embedded absences, but the number of times some species replaces another between two sites. In matrices like the figures below, each such ''replacement'' (also referred to as a ''checkerboard'' by Connor and Simberloff 1979; see also Stone and Roberts 1990 ) is represented by four cells arranged in one of the following two ways:
For example, Species 1 and 2 replace each other between Sites 1 and 7 shown in Fig. 1a , as mentioned before. Restricting attention to Rows 1 and 2 and Columns 1 and 7, we observe the first of the two kinds of pattern shown above. Such an instance of replacement is the minimal unit of species turnover. Thus the number of such replacements is a measure of the amount of turnover in a matrix. There is however a complication because the number of replacements shown in a matrix is sensitive not only to the positions of the ranges and communities with respect to each other, but also to absences embedded within those ranges and/or communities. Our emphasis in this paper is on the principal pattern in a matrix associated with the dominant axis of variation. Thus we are not interested in how secondary axes contribute to this pattern. Because replacements associated with embedded absences are not related to the primary axis of variation they can be misleading when we consider whether turnover or nestedness best characterizes this dominant axis. In order to focus solely on the primary axis, we therefore first ''fill in'' either the ranges or the communities so that they contain no embedded absences.
Step 1 of our analysisevaluating coherence -already deals with embedded absences. Now, in Steps 2 and 3, we wish to focus on between-range and between-community patterns, and thus ''factor out'' patterns within ranges or communities.
After filling in either ranges or communities, we count the number of replacements -that is, four-cell combinations, each involving two rows and two columns, that have one of the two patterns shown above. Note that neither one of these patterns can ever appear in a perfectly nested matrix. Fig. 2a , for instance, depicts no replacements.
Depending on whether ranges or communities were filled in, we then test the significance of a given number of replacements against one of two null models. In this analysis however, we use a different null model because we wish to evaluate how much the actual pattern deviates from one in which species ranges (or for communities) are the same as those in the real matrix. The null model for ranges allows each species' range to ''float'' randomly across a given set of sites, independently of the other species' ranges. Likewise, the null model for communities allows each community to ''float up and down'' the list of species, independently of the other communities. After a null matrix is generated, the number of replacements depicted by it is calculated.
According to these methods, the meta-community depicted by Fig. 2a is highly nested. That is, there are significantly fewer replacements than expected under either null model. Fig. 2b , on the other hand, represents a meta-community that is neither nested nor anti-nested, since there are neither significantly more nor significantly fewer replacements than expected. Finally, Fig. 2c depicts an anti-nested pattern, with significantly more replacements than would be expected if either null model were true.
Boundary clumping: if we have a strong axis of variation, do we have clumping of species boundaries?
Independent of whether a given meta-community is dominated by nestedness, turnover, or neither is the question of whether the boundaries of its ranges and/or communities coincide more or less than expected by chance (e.g. Underwood 1978 , Means and Simberloff 1987 , Hoagland and Collins 1997 . Hoagland and Collins (1997) addressed this question by using Morisita's Index (Morisita 1971) to evaluate how the degree of clumping of species boundaries along spatially defined transects differed from a simple null model. We follow the same approach except that we use Morisita's Index to quantify clumping in the ordinated matrix (i.e. in relation to the primary ordination axis rather than in relation to an actual spatial gradient without ordination). We also use the Index to quantify clumping of community boundaries as well as range boundaries.
The application of Morisita's Index taken by Hoagland and Collins (1997) , uses a null model in which based on null models (see Table 1 ). How well do these methods work when applied to data from actual metacommunities? In this section, we present the results of applying our analysis to 35 sets of such data. We selected these data sets somewhat arbitrarily from the literature and thus we do not claim that they are fully representative of either real meta-communities or published meta-communities. For illustrative purposes, we will focus in more detail on three of these data sets. All significance values for coherence and species turnover presented below are based on 200 iterations of the respective null models. Increasing the number of iterations would not have substantially altered our conclusions about these matrices, though it may be desirable to do so when significance values are marginal and range boundaries are simply scattered across a given set of sites at random. When this is so, the expected value of Morisita's Index is always 1.00. Values greater than 1.00 mean that range boundaries are more clumped than expected, and values less than 1.00, that range boundaries are less clumped than expected -in other words, they are over-dispersed. Hoagland and Collins (1997) used a chi-square test to find out whether a given value of Morisita's Index is significantly higher or lower than 1.00. Our only addition to this procedure is to apply it to community, as well as range, boundaries. Thus, the boundaries of both ranges and communities shown in Fig. 3a are significantly over-dispersed (consistent with models such as those of Tilman 1982), while those depicted in Fig. 3c are significantly clumped (the ''Clementsian'' pattern). The boundaries shown in Fig.  3b are neither significantly clumped nor significantly over-dispersed (as in the ''Gleasonian'' model).
Application to real data
The methods presented above are thus able to distinguish the idealized patterns depicted in Figs 1 through 3 by identifying how each of these three aspects (coherence, turnover and clumping) differ from expectations Fig. 6 . 39 Tree species distributed across a moisture gradient from mesic valley sites to xeric southwest slope sites, all between 2500 and 3500 feet in the Great Smoky Mountains. Data from metacommunity no. 16 in Table 2 (Whittaker 1956 ) after ordination.
cies. This premise, in turn, justifies the search for more specific patterns that are defined in terms of such single axes of variation, such as nested subsets or Gleasonian independence.
With regard to nested subsets, the methods presented herein sometimes agree with previous techniques. For example, the approaches introduced by Patterson and Atmar (1986) , Wright and Reeves (1992) , and Atmar and Patterson (1993) both confirm the visual impression that the meta-community represented in Fig. 4 is highly nested. Likewise, the methods advocated in this paper indicate significantly low turnover, which is to say, significant nestedness. This is true whether nestedness is evaluated with respect to turnover in ranges or in communities. In this case the ordinated matrix (Fig.  4) is very similar to a matrix in which the rows and columns are sorted by their marginal sums. In such cases, we believe that our methods based on ordination are superior.
However, in other cases, our methods disagree with these previous techniques. A look at Fig. 5 imparts the strong impression that it represents an ''anti-nested'' meta-community, that is, one dominated by species replacements rather than nestedness. However, according to the techniques of Patterson and Atmar (1986) , Wright and Reeves (1992) , and Atmar and Patterson (1993) , this landscape of communities along a moisture gradient is significantly nested. In contrast, our methods confirm the idea that turnover, rather than nestedness, predominates. In this case, the ordinated matrix (Fig. 5) looks very different from a matrix in which the rows and columns are sorted by their marginal sums.
Our results on boundary clumping also challenge some earlier impressions. As mentioned above, Whittaker (1975) championed the Gleasonian continuum as a closer fit to real patterns of distribution than the Clementsian model of discrete communities. However, eight of the meta-communities described by Whittaker (1952 Whittaker ( , 1956 Whittaker ( , 1960 Whittaker ( , 1965 have significantly clumped range boundaries: a ''Clementsian'', rather than ''Gleasonian'', result. For example, the range boundaries of tree species depicted in Fig. 6 are significantly clumped. 11 other meta-communities examined by Whittaker, including that shown in Fig. 5 , do have a Gleasonian pattern. While Whittaker's data do not show overwhelming support for Clementsian gradients, our analysis nonetheless provides more evidence for boundary clumping than received wisdom might have led one to believe. (See also Hoagland and Collins 1997.) 
Discussion
The hypotheses described above in Table 1 have served as useful guides for pattern recognition and inspired useful theory about meta-community structure. However, these hypotheses are idealizations, and real comwhen important biological inferences are made. The significance values for boundary clumping were calculated analytically.
Most of the meta-communities examined (24 out of 35) have significantly coherent ranges/communities using Random 0. 21 of these matrices had fewer than 300 cells, whereas most of the larger matrices were significantly coherent. Of the 24 matrices that were significant under Random 0, 16 were also significant using the much more conservative Random 4 null model (holding row and column sums constant). In no case did we see significant reversals of interpretations about coherence with the two null models. Overall, our data sets tended to be coherent, and this suggests that meta-community structure might often be dominated by a single axis of variation in species composition between sites, and by a single axis of variation in site occupancy between spe-munities deviate from them for a number of reasons, including sampling difficulties, the effects of complex interacting processes, and contingent historical effects. These (and probably some additional) factors could easily be invoked to explain deviations in real data sets from their idealized portraits. Because such ad hoc explanations could so easily be invoked, it is important to have an objective methodology that can evaluate whether there are significant patterns in these data and can adjudicate among the various nonrandom possibilities.
Previous work along these lines has either been purely descriptive or focused on statistical tests that contrast a given hypothetical pattern with expectations from a ''random'' model. Here we have developed a more comprehensive approach that can be used to discriminate among the six hypotheses shown in Table  1 . Of course, there are other possible patterns, only some of which can be identified by our procedures. We believe, however, that we have addressed most of the commonly invoked possibilities.
Our experience with the data referenced in Table 2 indicates that reasonably large data sets often provide ample ground for accepting particular hypotheses over others. In evaluating coherence, we found relatively few cases that appeared ''random'' (18 out of 35 using Random 4 and 10 out of 35 using Random 0) many of them being among the smaller matrices we studied. We found only one matrix that was less coherent than random data (earthworms in different forests, Muys et al. 1992) .
We could often adjudicate between nested subsets and species turnover. Of the 24 significantly coherent data sets (based on Random 0), 12 had high turnover between ranges, ten had neither high nor low, and two had low; while eight matrices had high turnover between communities, 14 neither high nor low, and two low. Again, because we selected our matrices to be illustrative rather than representative, these results do not indicate anything about the relative frequency in nature of meta-communities dominated by nestedness vs turnover. These matrices do show however that all three possibilities are possible and they illustrate how one might tell which is true. We found some cases where previous nestedness metrics could be misleading because they could not discriminate between nestedness and turnover even when they were significantly different from random. Our methods also identify cases that lie somewhere in between gradients and nestedness, a pattern that suggests that not all the idealizations listed above are representative of natural systems.
Finally, we found that we could also distinguish between Clementsian and Gleasonian gradients. Of the 24 significantly coherent data sets, eight had significantly clumped range boundaries, 13 had neither clumped nor dispersed range boundaries, and one had significantly dispersed range boundaries. Community boundaries seemed less informative, with three significantly clumped cases and no significantly dispersed cases.
Three additional issues are worth emphasizing. First, our methods identify patterns, and do not necessarily imply anything about the processes that led to those patterns (Schluter 1984 , Stone and Roberts 1992 , Gotelli and Graves 1996 . For example, ''Clementsian'' gradients could occur because of ''lumpy'' responses to a gradient (Clements) or because ''forbidden'' pair-wise combinations of species are not independent of each other .
Second, our methods are only as good as the data to which they are applied (Gotelli and Graves 1996) . In this paper we used published presence-absence matrices without considering how they were generated and how the methods used to generate them would inform the interpretation of our results. As is emphasized in virtually every text on the analysis of species distributions, issues such as sampling methods, choice of sites, and choice of species to include in the survey, are crucial if appropriate inferences are to be made. The appropriate decisions and interpretations will generally depend on the specific question to be asked and how the patterns observed will be linked to theories. One crucial aspect of such decisions concerns the scale (both temporal and spatial) over which sites are selected and sampled. Here we only provide statistical methods for documenting patterns once those decisions have been made.
Finally, we have focused exclusively on identifying the ''primary'' pattern present in a data set. In general, it is likely that most species distributions are affected by multiple gradients which may yield ''mixed signatures''. Because the various possibilities (Table 1) Overall, we hope that our methods provide a useful tool for discriminating between different idealized patterns. The utility of and need for such objective tools can be illustrated by our finding that Whittaker's data does not provide as much evidence for Gleasonian distributions as has previously been thought. The currently prevailing view (e.g., Begon et al. 1990 , Brown 1995 seems to be that Whittaker's subjective evaluations of his data provided conclusive support for Gleason's individualistic view of community structure. While the boundary clumping reported here may not support an extreme Clementsian view of discrete communities, at the very least it provides warrant for additional study.
Our methods can also be useful in discriminating among different mechanistic models of community structure. For example, Tilman has provided two different explanations for unimodal relations between diversity and productivity (Tilman 1982, Tilman and Pacala 1993; see also Rosenzweig 1992 see also Rosenzweig , 1995 . A closer look at the models shows that one of these hypotheses, the ''resource heterogeneity hypothesis'' (see Tilman 1982 ; but see also Abrams 1988 for a critique of these models.), also predicts that species lists along a productivity gradient should consist of nested subsets. This is because the same set of species are predicted to win at low and at high productivity, whereas additional, more specialized species are predicted to coexist with them at intermediate productivity. In contrast, the second model, the ''resource ratio hypothesis'' (see Tilman and Pacala 1993) , predicts that distinct species combinations will occur at high and low productivity with a more diverse combination of intermediate species occurring at intermediate productivity.
Thus, one way of discriminating between these two hypotheses is to determine whether the distribution pattern of species among sites that differ in productivity is either nested or manifests high species turnover. Many of the gradients we examined in our survey were related to moisture or elevation, both of which might reasonably be expected to serve as indicators of productivity. Of the 21 such gradients, only one provided any evidence of nestedness (case 15) whereas 17 provided evidence for species turnover. It would be interesting to see whether data sets that were more directly focused on productivity provide similar support for the resource ratio hypothesis and against the resource heterogeneity hypothesis.
Data on the distribution of species among sites is one of the most basic types of data in community ecology. In recent years, experimental methodologies have dominated the literature in this field. However, it is likely that the limitations of experimental methods (i.e., the logistics of conducting experiments over large scales, the difficulties of working with intractable systems and endangered species, etc.) will necessitate the use of observational data for hypothesis testing and decision making in conservation (see papers in Resetarits and Bernardo 1998) . It is consequently important that statistical methods for analyzing such data continue to be developed. Discriminating among such idealizations as those shown in Table 1 will hopefully lead to greater sophistication in the ways ecologists use distributional data to refine their understanding of communities.
